Abstract We have established a single cell irradiation system, which allows selected cells to be individually hit with defined number of heavy charged particles, using a collimated heavy-ion microbeam apparatus at JAERI-Takasaki. This system has been developed to study radiobiological processes in hit cells and bystander cells exposed to low dose and low dose-rate high-LET radiations, in ways that cannot be achieved using conventional broad-field exposures. Individual cultured cells grown in special dishes were irradiated in the atmosphere with a single or defined numbers of 18.3 MeV/amu 12 C, 13.0 MeV/amu 20 Ne, and 11.5 MeV/amu 40 Ar ions. Targeting and irradiation of the cells were performed automatically at the on-line microscope of the microbeam apparatus according to the positional data of the target cells obtained at the off-line microscope before irradiation. The actual number of particle tracks that pass through cell nuclei was detected with prompt etching of the bottom of the cell dish made of ion track detector TNF-1 (modified CR-39), with alkaline-ethanol solution at 37˚C for 15-30 minutes. Using this system, separately inoculated Chinese hamster ovary cells, confluent normal human fibroblasts, and single plant cells (tobacco protoplasts) have been irradiated. These are the first studies in which single-ion direct hit effect and the bystander effect have been investigated using a high-LET heavy particle microbeam.
Introduction
During a long-term space mission, astronauts are constantly exposed to space radiation, especially of various kinds of heavy charged particles (energetic heavy ions) at low dose and low dose rate.
Heavy charged particles transfer their energy to biological organisms through high-density ionization along the particle trajectories. The population of cells exposed to a very low dose of high-LET heavy particles contains a few cells hit by a particle, while the majority of the cells receive no radiation damage. At somewhat higher doses, some of the cells receive two or more events according to the Poisson distribution of ion injections. This fluctuation of particle trajectories through individual cells makes interpretation of radiological effects of heavy ions difficult.
Using microbeams, we will be able to overcome this limitation by delivering a counted number of particles to each cell to study a number of important radiobiological processes in ways that cannot be achieved using conventional "broad-field" irradiation. A microbeam can be used for selective irradiation of individual cells, which can be subsequently observed to ascertain what changes occur to that cell and to neighboring un-irradiated cells. The use of microbeam allows direct investigation of cell-to-cell communications such as "bystander effects", that is, radiation effects transmitted from hit cells to neighboring un-hit cells. Furthermore, a microbeam with sufficient spatial resolution will be useful for analyzing the interaction of damages produced by separate events in an irradiated cell, the dynamics of cellular repair, and the intra-cellular process such as apoptosis by means of highly localized irradiation of a part of a nucleus or cytoplasm.
The earliest heavy particle microbeam experiments were performed in 1953 (Zirkle and Bloom) using a 2 MV Van de Graaff accelerator and micro collimators to form a proton microbeam to study the process of cell division. They used two metal plates, with a groove on one, clamped together to make apertures about 2.5 µm in diameter. They also used variable microapertures formed of cross slits, which could be adjusted to any desired width from 0.5 µm to 5 mm. Later, an 11 MeV/ amu proton and 22 MeV/amu deuteron microbeam was developed at Brookhaven National Laboratory using a cyclotron (Baker et al., 1961) . Beams as small as 25 µm were used to investigate the effects of local radiation damage caused by high-energy deuterons to different cells within mouse-brain tissue (Zeman et al., 1959) .
These earlier microbeam systems were very helpful in studying radiation effects in living systems, especially to show that damage to the cytoplasm had a very limited effect on the survival of the cell. However, all of these systems were limited at relatively high doses. To investigate the effects at lower doses, it is necessary to establish single particle irradiation technique.
Recently the need to understand the effects of low doses of radiation has led to the need to control the number of charged particles. One microbeam system designed for this purpose was installed on the horizontal beam line of the UNILAC linear accelerator at GSI Darmstadt where ions of many elements, ranging from carbon to uranium, with energies of 1.4 MeV/amu were available (Kraske et al., 1990) . Etched tracks of high energy heavy particles were used to collimate beams. Using this system, the impact parameter dependence of the inactivation of Baccilus subtilis spores were measured (Weisbrod et al., 1992) . This experiments yield inactivation probabilities of central hits between 40 and 80% depending on the LET and atomic number of the particles showing that the zones of high local ionization seem to be the most important problem causing the low biological efficiency of very high-LET radiation. This microbeam system was also used to investigate the effects of single particle tracks with LETs from 500 to 12,000 keV/µm on the growth and chromosome structure of mammalian cells. However, this work was later abandoned because the irradiation procedure was so time-consuming that only about 20 samples, each with approx. 20 cells, could be irradiated with single ions during 10 hours of beam time.
The next single-particle microbeam was developed at Pacific Northwest Laboratory (Braby and Reece, 1990 ). An electrostatic accelerator was used to produce hydrogen and helium ions. Two sets of four adjustable knife-edges were used to construct two apertures in series to collimate microbeams. A thin plastic scintillator and photomultiplier were used to detect individual particles. Using this system, CHO-K1 cells were exposed to controlled number of 3.2 MeV α-particles and the biological responses of individual cell were quantified (Nelson et al., 1996) . However, this microbeam apparatus has been removed and reinstalled at Texas A & M University.
Similar single-cell/single-particle irradiation systems have been developed at the Gray Cancer Institute (GCI) in UK (Folkard et al., 1997a; Folkard et al., 1997b) , at Columbia University in USA (RARAF: Radiological Research Accelerator Facility, Randers-Pehrson et al., 2001) , at the National Institute of Radiological Sciences (SPICE: Single Particle Irradiation system to Cell; Yamaguchi et al., 2003) and at the TIARA (Takasaki Ion Accelerators for Advanced Radiation Application) of JAERI-Takasaki, Japan. These are truly operational particle microbeams where single protons and helium ions can be aimed at single cells with a few microns resolution. Using a microbeam at GCI, Prise et al. demonstrated that targeting individual α-particles to four cells within a population produced more micronucleated and apoptotic cells than expected on the basis of a direct effect only (Prise et al., 1998) . It was also reported that when a single cell within a population was targeted by an α-particle, typically an additional 80-100 damaged cells were observed in surrounding population of about 5,000 cells (Belyakov et al., 2001 ). This bystander effect was observed when only a cell was targeted, but not when only the medium was exposed, confirming that a cell-mediated response is involved. At the RARAF microbeam facility, a bystander mutagenic effect has been found in non-traversed cells when a proportion of mammalian cells have suffered a precise number of nuclear traversals by α-particles (Zhou et al., 2000; Zhou et al., 2001) . Furthermore, it was found that targeted cytoplasmic irradiation, of all cells within the population with α-particles, induced mutations in mammalian cells suggesting that cytoplasm is an important target for cellular killing and mutation (Wu et al., 1999) . Recent studies with the GCI microbeam have also shown that targeting the cytoplasm induces bystander responses to the same extent as that observed from nuclear irradiation (Shao et al., 2004b) .
Protons, helium-3 ions, and α-particles are currently used to study the microbeam irradiation-induced bioresponses. Therefore, we have developed a novel single-cell/single-particle irradiation system using heavy-ion microbeams for targeting cells individually with a specific numbers of particles to elucidate the radiobiological effects of a single high-LET particle traversal. Compared to the single-cell irradiation facilities that use mainly light ions like protons and helium ions, the range of the LET can be extended considerably with heavy ions. Furthermore, higher energies allow larger penetration and better lateral resolution for the microbeam irradiation procedure. Accordingly, there is increased effort to develop heavy charged particle microbeam for single-cell irradiation. Besides our currently using collimated heavy particle microbeam and being developed "second generation" focusing high-energy heavy-ion microbeam (Satoh et al., 2004) at JAERI-Takasaki, at least two facilities have been developed; at the Munich 14 MV tandem accelerator (SNAKE: Superconducting Nanoscope for Applied nuclear (Kern-) physics Elements, Hauptner et al., 2004) , and at GSI Darmstadt (Heiss et al., 2004) .
Experimental setup
The cell irradiation system has been incorporated into the collimated heavy-ion microbeam apparatus, which was installed below a vertical beam line of the AVF cyclotron at TIARA in JAERI-Takasaki. The heavy-ion beams delivered from the AVF cyclotron are collimated with a set of apertures. Then the collimated beams are extracted into air through a microaperture on a 100 µm-thick tantalum disk perforated using an electrical discharge machining (spark erosion) method. The smallest microaperture, 5 µm in diameter, was used for cell irradiation with a precise number of 11.5 MeV/amu 40 Ar and 13.0 MeV/amu 20 Ne ions; and a microaperture of 20 µm in diameter was used for 18.3 MeV/amu 12 C ions irradiation.
So far, two inverted optical microscopes are in operation with this system. One of the microscopes is installed below the vertical beam line in the beam room as an "on-line microscope" for cell targeting and for delivery of a certain number of particles. The other microscope, which is called "off-line microscope", is used in the preparation room for cell finding prior to the irradiation and for cell revisiting and observation during post-irradiation incubation. A local-area-network connects these control systems allowing the object database created at the off-line microscope to be used by the cell-targeting system.
Preparation of the microbeam target-cell dishes and the microbeam irradiation protocol used have been described elsewhere (Kobayashi et al., 2003; Funayama et al., in press) . Figure 1 shows the procedure of targeted irradiation of cultured cell with a heavy particle microbeam. Briefly, cells grown in special dish made of ion track detector TNF-1 (modified CR-39) are positioned so that the desired portion of the cell aligns with collimator. The number of ions penetrating the sample is counted with a constant fraction discriminator coupled to a preset counter/timer. A pulse-chopper in the injection line of the cyclotron was used as fast beam switch. The gate output of the counter/timer was fed to the pulse-chopper to turn on the beam until the chosen number of ions had detected. The actual number of particle tracks that passed through cell nuclei was detected with prompt etching of the bottom of the cell dish with alkaline-ethanol solution at 37˚C for 15-30 minutes. After that, the phase-contrast microscopic image of the irradiated cells was overlaid with the image of the etched ion pits obtained at the same field of view. It is possible to revisit each irradiated cell reproducibly during post-irradiation incubation according to the object database.
Direct nucleus-hit effect and bystander effect on the growth of sparsely inoculated CHO-K1 cells
Chinese hamster ovary (CHO-K1) cells were irradiated individually with counted number of 11.5 MeV/amu 40 Ar ions (LET 1,260 keV/µm) using our heavy particle microbeam (Kobayashi et al., 2003; Funayama et al., in press ). After irradiation, the effect of direct hit of heavy charged particles was estimated by scoring the number of cells in each colony up to 60 hours. We observed a reduced number of cells per colony in the direct hit cells after 60 hours post irradiation incubation. This reduction of cell number per colony was due to reproductive death of the hit cell, rather than from cell division delay caused by radiation damage. Ar ion showed strong growth inhibition, and the percentage of lost cells (detached cells) was increased to more than 40%. The detached cells showed morphological changes within 12-24 hours after irradiation.
In addition, an inhibitory effect on the non-hit cells was also observed. In the non-irradiated cell dish, where no cells in the dish were irradiated but the medium was irradiated, up to 25 cells per colony were observed. Meanwhile, cells in the irradiated dish, which were not irradiated when some of the co-cultured cells in the same dish were irradiated, showed limited cell growth resulting in approximately 12 cells per colony. An increased yield of lost cells was also observed in this cell group. This growth inhibition in the non-hit cells in the cell dish containing co-cultured hit and non-hit cells might be caused by a bystander effect. It had been reported that two different pathways mediate the intercellular signaling of the bystander effects: gap junction (Zhou et al., 2002; Shao et al., 2003a; Shao et al., 2003b) and mediummediated molecules (Matsumoto et al., 2001; Shao et al., 2002; Shao et al., 2004a) . In our experiments, the cells were inoculated sparsely in the sample holder, thus medium-mediated molecules may cause this limited growth of the non-hit cells.
Bystander effect induced by counted high-LET particles in confluent human fibroblasts
Primary human fibroblast (AG01522) cells within a confluent population were individually targeted by a high-LET heavy particle microbeam of 13.0 MeV/amu 20 Ne or 11.5 MeV/amu 40 Ar with LET values of 380 keV/ µm and 1,260 keV/µm, respectively (Shao et al., 2003a) . Even when only a single cell within the confluent culture was hit by one 20 Ne or 40 Ar particle, a 1.4-fold increase in micronuclei (MN) was detected demonstrating a bystander response. When the number of targeted cells increased, the number of MN biphasically increased; however, the efficiency of MN induction per targeted cell markedly decreased. When 49 cells in the culture were individually hit by 1 to 4 particles, the production of MN in the irradiated cultures were ~2-fold higher than control levels but independent of the number and LET of the particles. MN induction in the irradiated culture was partly reduced by treatment with DMSO, a scavenger of reactive oxygen species (ROS), and was almost fully suppressed by a mixture of DMSO and PMA, an inhibitor of gap junction intercellular communication (GJIC). Accordingly, both ROS and GJIC contribute to the above-mentioned bystander response and GJIC may play an essential role by mediating the passage of soluble biochemical factors from targeted cells.
However, GJIC is not always required for the induction of bystander responses. By irradiating nonconfluent human fibroblast cells with a precise number of particles, the findings that targeting of a single cell led to additional 10s of cells being damaged (Shao et al., 2003c) gives direct evidence of non-GJIC involvement and the likelihood of medium-mediated bystander responses. To clarify the mechanisms of transduction of the bystander signal through GJIC, an irradiation method to obtain the distance distribution in the induction of micronuclei in non-irradiated cells from irradiated cells was established (Furusawa et al., 2004) . Briefly, a 25 mm diameter cell culture cover-slip (NUNC 174985) was attached to the center of a 60 mm plastic dish over a 13 mm hole in bottom of the dish and sealed with white Vaseline. In the middle of the coverslip, a 1-2 mm width of adhesive tape was put on the surface to prevent cells attaching to this "clear zone", which split the surface of the cover slip into two "confluent zones". Only a fraction of the cells in the confluent zone in one side of the clear zone were irradiated. Micronuclei (MN) can only be seen in growing cells at the border between the clear zone and the confluent zone. The distributions of the distances over which the bystander effects occur from the irradiated cells can be obtained by measurement of the distribution of MN cells in the border of the clear zone in the irradiated side. If there are still medium-mediated bystander effects, even if suppressed by inhibitors, we can observe their effect in the opposite side of the irradiated side.
Development of procedures for the irradiation of single plant cells with a heavy-particle microbeam
An ion microbeam system for irradiating single plant cells was developed to analyze the exact biological effects of heavy charged particles (Yokota et al., 2003) . Tobacco BY-2 protoplasts were used as a model of single plant cells. Protoplasts were fixed their positions and cultured in thin agarose medium on a specially designed irradiation-vessel, which has a CR-39 sheet as a bottom. The colony formation rate of unirradiated protoplasts was 22.7 ± 6.7% after a month of culture. Protoplasts were irradiated with counted numbers of 18.3 MeV/amu 12 C ions (LET 121 keV/µm) collimated by a 20 µm diameter microaperture. After irradiation, the ion hit positions within the protoplasts were accurately determined by etching the CR-39 sheet in 13.4M KOH solution at 27˚C for 9 hours. In preliminary results, the colony forming rate of tobacco protoplasts was not reduced by the irradiation of 1 to 10 12 C particles per protoplast.
Conclusion
Single-cell/single-particle irradiation methods have been developed using collimated energetic heavy-ion microbeams. In addition, a procedure for detection of an ion-hit track within the beam time has been established. With this microbeam probe, the radiation response in individual cells irradiated with high-LET heavy particles can first be analyzed in detail by single-cell assays, and then a cytomolecular biological analysis of irradiated cells can be performed.
